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General Experimental Conditions and Apparatus.
Cyclic voltammetry was conducted using an Ag/AgCl reference and a platinum wire counter electrode at a scan rate of 50 mV/s unless otherwise noted. The reference potential was calibrated by a ferroin internal standard following experiments in ferroin-free buffer. Potentials are iR corrected and reported relative to the normal hydrogen electrode (NHE). Fluoride electrolyte solutions were made with KF in deionized water with the pH adjusted by the addition of KHF2 or NaOH as needed. Other buffer solutions were produced by partial neutralization of the appropriate acid with NaOH in the customary fashion. Safety Note: Acidic fluoride buffers contain significant concentrations of hydrofluoric acid and should be handled using precautions appropriate for HF solutions. Solution pH measurements were obtained via NMR spectroscopy 1 or a pH-sensitive electrode that was two-point calibrated with a pair of pH 2.0, 4.0, 7.0 or 10.0 buffers near the range of interest. FTO and ITO anodes of 8 -12 Ω/sq on a glass substrate and were used as received following rinsing with deionized water. In fluoride buffer, it was found to be essential to operate in glass-free equipment to preclude etching of the glass and consequent changes of the solution composition. These apparatuses have been described previously.
2 Tafel data were acquired by constant-potential electrolysis of the catalyst/buffer system in question for a sufficient period of time at each data point to pass significant current compared to the charge passed during catalyst deposition and the current/time curve to become visibly flat. Once steady-state was achieved, the current was noted and the electrolysis resumed at the next potential. Oxygen detection experiments were performed in a custom-built divided electrolysis cell with a fineporous frit equipped with a fluorescence-quench O2 sensor. O2 measurements were corrected to account for the background leak rate into the cell and for the O2 solubility in the electrolyte solution. In mildly acidic, fluoride-buffered conditions, apparatus and techniques described previously were used.
2
For O2-detection under acidic conditions, 0.1 M HBF4 solutions were adjusted to pH 2.1 with aqueous NaOH, and electrolysis at 1800 mV vs. NHE was performed on 1 mM solutions of Co II salts for 12 hours. No film deposition was observed, and bubble formation occurred not just at the working electrode but at glass surfaces all over the anodic compartment, suggestive of a homogeneous process. For EPR experiments, a catalyst film was deposited onto an ITO electrode, removed from the deposition solution, rinsed with deionized water, and dried under flowing cold nitrogen. The dried cobalt oxide was scraped from the electrode surface, packed in a quartz tube, flame-sealed, and chilled in liquid nitrogen until spectroscopically analyzed. The typical time from interruption of the electrolysis current to chilling was ten minutes except where noted. During the experiments in fluoride buffer, it was also necessary to paint the glass portions of the ITO and FTO electrodes exposed to the electrolyte with a solution of hard vacuum wax in methylene chloride, which was then allowed to dry. 3 X-band (9.5 GHz) continuous-wave (CW) EPR spectra were recorded using a Bruker (Billerica, MA) ECS106 spectrometer equipped with a TE102 resonator (ER4102ST). Cryogenic temperatures were achieved and controlled using an Oxford Instruments ESR900 liquid helium cryostat in conjunction with an Oxford Instruments ITC503 temperature and gas flow controller. All CW EPR data were acquired under non-saturating, slow-passage conditions. A modulation amplitude of 0.8 mT, modulation frequency of 100 kHz, conversion time of 40.96 ms, and time constant of 40.96 ms were used for all X-band CW data collection. Temperature was set to 6 K. CW Q-band studies (34 GHz) were done using a laboratorybuilt probe 4, 5 modified to fit into an Oxford 935CF cryostat. 
S2
Tabulated CoCF data from the literature
Previously reported cobalt-based electrocatalysts for water oxidation: kinetic parameters and mechanistic features at different pH conditions and anodes. In strongly alkaline conditions, we make no attempt at an exhaustive survey of the literature. CoCF on FTO was prepared in either 0.1 or 1 M phosphate buffer at pH 7 or in 1 M fluoride buffer at pH 3.4. Electrolysis was then performed at 1.25 V vs. Ag/AgCl in phosphate or at 1.5 V in fluoride. The current density was monitored as a function of time, where a linear decrease in current was observed in 1 M phosphate ( Figure S1 ). The film deposited from 1 M phosphate displayed lower initial activity compared to the one formed in 0.1 M phosphate under otherwise identical conditions. In contrast, in 0.1 M phosphate, an exponential decrease in current was observed that appeared to be leveling off and in 1 M fluoride, there was an increase in current density associated with further deposition of catalyst. 
S4
Tabulated Tafel Slopes and Exchange Currents
In conditions where a deposit was stable, catalyst films were deposited as described in the literature. 7, 11 Current densities were calculated based on the measured projected area of the deposit or the area of the electrode exposed to the solution. with minor modification. Cobalt acetate tetrahydrate (0.50 g, 1 mmol) was dissolved in purified water (25 ml), followed by the addition of 28% ammonia (2.2 ml) under vigorous stirring in air for 10 minutes. The resulting suspension was transferred to a sealed glass pressure tube and heated to 150 °C for 3 h. The black nanoparticles were washed with purified water via centrifugationresuspension 3 times, followed by drying for 4 h at 60 o C.
Characterization. Powder X-ray diffraction (pXRD) analyses were performed on a Rigaku Rapid II X-ray diffraction system with a 2-D imaging plate using Mo Kα radiation (λ= 0.709Å). Samples were mounted on glass fibers and the recorded pattern was matched to data recorded by Picard and coworkers 16 (pdf number 01 -076 -1802; Co3O4) ( Figure S2 ). The average size of the nanoparticle was determined using scanning electron microscopy (SEM). The SEM images were taken using a LEO Supra 55 VP field-emission scanning electron microscope operating at 3 kV. Samples were prepared by drop-coating an aqueous suspension (0.34 μg/cm 2 ) of the nanoparticles onto silicon wafers purchased from Addison Engineering.
SEM images revealed spheroidal Co3O4 particles ( Figure S3 ) with average diameter of 24 ± 4 nm (size averaged over 65 measured particles). This is slightly larger than that reported in the literature, however, this discrepancy has been observed 17 and is likely a result of the sensitivity of the nanoparticle synthesis towards variations in the exact condition of the synthesis.
Electrochemistry.
A cyclic voltammogram of an FTO electrode coated with the Co3O4 nanoparticles in pH 7 phosphate buffer exhibits a quasi-reversible prefeature (E1/2=0.924 V) that is preceded by a broad shoulder ( Figure. S4 ). Figure S4 . CV of Co3O4 nanoparticles deposited on FTO electrode. Experiment was carried out in pH 7 phosphate buffer at a scan rate of 12mV/s Figure S2 . pXRD pattern of Co3O4 nanoparticles
S6
Determination of potentials via CV inflection points.
The accurate estimation of peak potentials for broad CV features has historically been a difficult problem. Similarly, features that partially overlap can present themselves as poorly discernible inflection points in the CV trace. Numerical differentiation of the CV data followed by smoothing produces a curve where the potential of the redox process can be assigned more accurately. In the CV derivative, current peaks appear as zero-crossings and inflection points appear as maxima or minima.
18
A representative voltammogram and the scaled derivatives of its increasing and decreasing potential sweeps are plotted in Figure S5 . carbonate, deposit formed in borate. Potentials are given relative to Ag/AgCl. Each zero crossing that is positive-going with increasing potential of the anodic-scan derivative corresponds to a peak while the zero crossing that is positive-going with decreasing potential in the cathodic scan derivative corresponds to a peak and a minimum that remains positive is taken as the potential of an inflection point. 
Scan-Rate Dependence of CV features.
Experimental. CoCF-free FTO electrodes were placed in 0.1 M borate buffer at pH 9.1 containing 0.05 mM Co(ClO4)2. A divided cell was used, with a Pt wire counter-electrode and an Ag/AgCl reference. Cyclic voltammograms were then obtained at varied scan rates.
Analysis. Two quasi-reversible features were observed. The anodic peak of the lower-potential feature appeared as a shoulder on the anodic wave of the higher-potential feature, however both cathodic peaks are well-resolved (Figs. S6, S7) . The peak and midpoint ( 0.5 * (Epa + Epc) ) potentials are plotted against the scan rate in Figure S8 . Based on the trend observed, we concluded that 1 mV/sec is below or close to the low-scan-rate limit and subsequent measurements were taken at that rate. Figure S6 . CV scans in borate buffer at various scan rates. Figure S7 . CV scans in borate buffer at various scan rates.
Vertical axis magnified to show detail. Figure S8 . Quasi-reversible peak and midpoint potentials vs. scan rate in borate buffer.
S8
Aqueous Cobalt Redox Equilibria.
A Pourbaix diagram is constructed through the application of thermodynamic equilibria to produce linear equations that depend on E°, pH, and the concentrations of the species of interest, in this case cobalt. The diagram from the text is reproduced below, annotated with the reaction numbers of the equilibria used to construct each line. These reactions appear below the diagram, followed by the ΔG° or E° values used. 
S10
Electron Paramagnetic Resonance Spectra.
CoCF samples, having been produced in fluoride buffer at various potentials, were prepared and spectra were acquired as described above. The handling time of each sample refers to the time from the cessation of electrolysis to when the sample was fully chilled in liquid nitrogen after preparation. Generally, as the reverse reaction in an electrochemical process is negligible compared to the forward rate at overpotentials greater than 100 -200 mV, the observed catalytic wave in a CV is a simulacrum of the steady-state kinetics of the forward reaction as a function of the applied potential because the rate of an electron-transfer reaction depends on the driving force. , where F is Faraday's constant and R is the gas constant; much unpleasantness is concealed in k.
22
Typically, β, which represents the degree to which the reactant and product minima have differing curvature, is assumed to be 0.5 (that is to say, the curvatures are the same). A more exact assay of these kinetic parameters can be obtained by steady-state measurements and construction of a Tafel plot. For more complex mechanisms, the slope of the Tafel plot is also dependent on the mechanism of the electrochemical process, and can thus be used to rule out proposed mechanisms. Selected slopes and their mechanistic implications are given in Table S3 and their derivation is discussed in detail elsewhere. The x-intercept of the Tafel plot, or the exchange current, is a measure of how dynamic the equilibrium is between reactants and products. Mechanistic information about cobalt-based water oxidation catalysts can be gleaned from its variation, or lack thereof, with pH. For a mechanism, such as the one proposed in the present work to be active in acidic conditions, with an electrochemical rate law of the form given in eq. S1, the exchange current will depend on pH as shown below.
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If the reference potential is defined such that E -E° = η, then E = η + E° + (RT/F) 2.303 log [H + ]. Inserting this expression into eq. S1 produces eq. S2 at η = 0. In Tafel form, the rate equation becomes eq. S3. 
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For a much more rigorous treatment of the relationship between chemical and electrochemical electrontransfer: a) Marcus, R. A. J. Phys. Chem. 1963 , 67, 853 -857. b) Marcus, R. A. Annu. Rev. Phys. Chem. 1964 , 15, 155 -196. c) Marcus, R. A. J. Chem. Phys. 1965 
